A maximum likelihood procedure is presented for the estimation of the parameters in a survival curve which is used in the quantitative investigation of cytological damage resulting from ionizing radiation. This estimation procedure is developed under the assumption that the observations are distributed as independent Poisson random variables. In addition, a weighted least squares procedure, which gives estimates equivalent to the maximum likelihood estimates, is presented. Tests of the model and of the assumed distribution of the observations are given. Two illustrative examples are included.
INTRODUCTION
In the quantitative investigation of cytological damage resulting from ionizing radiation, the survival curve has been extensively used in attempts to establish relations between the radiation dose and the response of the biological system. Statistical methods in common use today for obtaining estimates of survival curve parameters and their standard errors were first presented by Kimball [1953] who employed a least squares procedure. Gurian [1956] extended Kimball's procedure by proposing appropriate weights for the least squares estimation. The purposes of this paper are to obtain estimates of these parameters with the help of the maximum likelihood principle, to show that equivalent estimates can be obtained with a properly weighted least squares approach, and to propose a procedure for testing the adequacy of the model being used.
In determining the effect of radiation on bone marrow stem cells, bone marrow cells from irradiated animals are injected into recipient irradiated animals (Till and McCulloch [1961] ). The injected cells locate in the spleen where the viable stem cells divide and produce 'Present address: Market Research Department, The Coca-Cola Co., Atlanta, Georgia 595 clonal colonies. The recipient animal is sacrificed after sufficient time has elapsed for the colony to grow to macroscopic size. The colonies in the excised spleen are then counted. It is assumed that each surviving stem cell that reaches the spleen has produced one colony. Although this discussion is restricted to in vivo mammalian cell survival, the same method of estimation is clearly applicable to in vitro survival studies of microorganisms that use the culture plate method.
Since the stem cells constitute a small portion of the bone marrow cells, it is necessary to inject large numbers of bone marrow cells in order to produce colonies. It will be convenient to consider 105 cells as a unit concentration of bone marrow cells. Then, if there are 4 stem cells/unit concentration of bone marrow cells, and some concentration say, m, of bone marrow cells is injected into a recipient animal, the number of colonies is assumed to be distributed as a Poisson variable with mean = mu. The parameter g can be estimated by a dilution assay, and under appropriate conditions described by Roberts and Coote [1965] the maximum likelihood estimate of g is given by p = total number of colonies/total concentration of cells injected.
A further assumption is that the fraction of stem cells surviving radiation dose X is of the form f = 1 -(1 -e-:X)>1
This model was originally obtained as a special case of a more general model derived from the 'target-hit' statistical theory of radiation damage when the number of 'hits' is one (Atwood and Norman [1949] ). The same general equation has also been obtained from a kinetic model of radiation damage by Dienes [1966] .
Although the target-hit theory remains in doubt as a representation of the lethal process in the cell, most mammalian cell survival curves resemble the target model and can be represented by the same parameters (Krebs [1967] ). Krebs states that D0(f = 1/Do , where Do is the dose at which 37% survival occurs) describes the radiosensitivity of the cell, and that v represents a threshold level of injury required for cell death. The parameter v was originally supposed to represent the number of targets per cell, and has also been referred to as the 'extrapolation number' (Alper et al. [1960] ). The biological significance of this parameter and the appropriateness of the model have also been discussed by Fowler [1964] .
ESTIMATION
Assuming that equation (1) 
where from ( 
EXAMPLES
In this section the estimation procedure is illustrated with two examples. In the first example some data obtained from Dr. F. Comas of Oak Ridge Associated Universities is used. In this experiment, the bone-marrow donors and the recipients were Fischer-334 rats. The donors were irradiated with doses ranging from 100 to 500 rads and there was also a non-irradiated control group. The bone-marrow was removed from the femora and cell suspensions of the desired concentration obtained. The bone-marrow cells were then injected into the irradiated recipient animals, and on the 12th post-injection day, the recipients were killed, and the number of spleen colonies in each was counted. The results of the experiment are summarized in Table 1 
